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1. INTRODUCTION {#jcmm15260-sec-0001}
===============

The underlying mechanisms associated with the onset and progression of myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), a condition characterized by an abrupt or delayed onset of persistent or relapsing symptomatology, including memory problems, muscle and joint pain, gastrointestinal issues, neurological problems, hormonal imbalance and debilitating fatigue or easy fatigability, remains unclear. Still, a decade of research into ME/CFS disease activity has provided evidence of immune dysfunction described by persistent immune activation associated with the onset and progression of the illness.[^1^](#jcmm15260-bib-0001){ref-type="ref"}, [^2^](#jcmm15260-bib-0002){ref-type="ref"}, [^3^](#jcmm15260-bib-0003){ref-type="ref"}, [^4^](#jcmm15260-bib-0004){ref-type="ref"}, [^5^](#jcmm15260-bib-0005){ref-type="ref"}, [^6^](#jcmm15260-bib-0006){ref-type="ref"}, [^7^](#jcmm15260-bib-0007){ref-type="ref"}, [^8^](#jcmm15260-bib-0008){ref-type="ref"}, [^9^](#jcmm15260-bib-0009){ref-type="ref"}, [^10^](#jcmm15260-bib-0010){ref-type="ref"}

During the last decade, miRNAs have been emerging as biomarkers in ME/CFS due to their regulatory role in the development, maturation and proliferation of immune cells.[^11^](#jcmm15260-bib-0011){ref-type="ref"}, [^12^](#jcmm15260-bib-0012){ref-type="ref"}, [^13^](#jcmm15260-bib-0013){ref-type="ref"}, [^14^](#jcmm15260-bib-0014){ref-type="ref"}, [^15^](#jcmm15260-bib-0015){ref-type="ref"}, [^16^](#jcmm15260-bib-0016){ref-type="ref"}, [^17^](#jcmm15260-bib-0017){ref-type="ref"} Brenu et al reported miR‐127‐3p, miR‐142‐5p and miR‐143‐3p as potential plasma and miR‐146a, miR‐223 and miR‐21 as cytotoxic lymphocyte biomarkers for ME/CFS diagnosis,[^15^](#jcmm15260-bib-0015){ref-type="ref"}, [^16^](#jcmm15260-bib-0016){ref-type="ref"} and due to this illnesses' similarity with fibromyalgia, a complex neuroimmune condition characterized by similar symptomatology, miR‐223‐3p, miR‐451a, miR‐338‐3p, miR‐143‐3p and miR‐145‐5p have come into focus as well.[^17^](#jcmm15260-bib-0017){ref-type="ref"}, [^18^](#jcmm15260-bib-0018){ref-type="ref"} Petty et al[^19^](#jcmm15260-bib-0019){ref-type="ref"} reported up‐regulated miR‐99b, miR‐330, miR‐126 and miR‐30c as potential diagnostic markers for individuals with ME/CFS among the 34 miRNA which were found to be differentially expressed in individuals with ME/CFS. A recent study reported significantly diminished miR‐let‐7i‐5p, miR‐93‐3p and miR‐200a‐5p in cerebrospinal fluid of ME/CFS subjects who underwent exercise challenge[^20^](#jcmm15260-bib-0020){ref-type="ref"} which is important due to the post‐exertional malaise (PEM) being a unique characteristic of ME/CFS. Altogether, despite of the evidence of gender‐related differences in this illness,[^21^](#jcmm15260-bib-0021){ref-type="ref"}, [^22^](#jcmm15260-bib-0022){ref-type="ref"} a comprehensive analysis of the effects of an exercise testing on differential miRNA expression between males and females with ME/CFS has not been performed so far.

The present study aimed to investigate peripheral blood mononuclear cells (PBMCs) miRNA expression in ME/CFS subjects in comparison with sedentary healthy controls (HCs) under an exercise challenge. The differential expression of miRNAs observed in ME/CFS was further evaluated in females and males. Our results indicate that miRNA expression differs between female and males with ME/CFS both at the baseline, and in response to the exercise challenge. In addition, we found that miRNA expression was different in PBMCs of fasting as compared to non‐fasting subjects with ME/CFS, which emphasizes the importance of the National Institute of Health (NIH), National Institute of Neurological Disorders and Stroke (NINDS) and Centers for Disease Control and Prevention (CDC)'s newly adopted ME/CFS Common Data Elements (CDE) principles for detailed reporting of subjects' conditions.

2. METHODS {#jcmm15260-sec-0002}
==========

2.1. Participants and samples {#jcmm15260-sec-0003}
-----------------------------

A community‐based cross‐sectional study included 63 clinically diagnosed ME/CFS subjects and 55 healthy controls matched for age (±5 years) and BMI (±2). All individuals with ME/CFS and HCs were recruited from three different geographical areas: Miami/Fort‐Lauderdale, Florida, USA, and Barcelona and Valencia, Spain, as part of larger biomarker‐oriented studies. For inclusion, all ME/CFS subjects met the 1994 CDC/Fukuda and 2003 Canadian Case definitions for ME/CFS.[^6^](#jcmm15260-bib-0006){ref-type="ref"}, [^23^](#jcmm15260-bib-0023){ref-type="ref"}, [^24^](#jcmm15260-bib-0024){ref-type="ref"}, [^25^](#jcmm15260-bib-0025){ref-type="ref"} Major exclusion criteria included: active smoking or alcohol history, diabetes, immunodeficiency disorders, cardiovascular diseases, stroke, autoimmune conditions, malignancy or systemic infection for at least 2 weeks before blood sample collection. All female subjects were asked to complete the Gynecologic Questionnaire to assess routine gynecologic parameters and were asked to come for the assessment and collection of blood during the first two weeks of their menstrual cycle, if pre‐menopausal. The details on health‐related quality of life and exercise challenge are provided in Appendix [S1](#jcmm15260-sup-0001){ref-type="supplementary-material"} under measures.

2.2. Isolation of PBMCs and RNA extraction {#jcmm15260-sec-0004}
------------------------------------------

Up to 8 mL of whole blood/sample were collected in K~2~EDTA tubes (Becton Dickinson) and processed within 2 hours by dilution at 1:1 (v/v) ratio in phosphate‐buffered saline solution (PBS) with layering on top of 1 volume of Ficoll‐Paque Premium (GE Healthcare) and separation by density centrifugation at 500× *g* for 30 minutes (20°C, brakes off). PBMC layers were isolated and washed with PBS. Isolated PBMC pellets were resuspended in 1 volume of red blood cell lysis buffer (155 mmol/L NH~4~Cl, 10 mmol/L NaHCO~3~, 0.1 mmol/L EDTA and pH 7.4), kept on ice for 5 minutes, and centrifuged (20°C at 500× *g* for 10 minutes). Washed pellets were re‐suspended in freezing medium (90% FBS, 10% DMSO) adjusting their concentration to 10^7^ cells/ml, aliquoted and frozen in liquid nitrogen until use. Total RNA was extracted using RNAzol (Molecular Research Center, Inc.) according to the manufacturer\'s instructions. RNA quality was assessed using Agilent TapeStation 4200 (Agilent). All RNA samples had RNA Integrity number (RIN) above 7.

2.3. miRNA expression analysis {#jcmm15260-sec-0005}
------------------------------

We used NanoString nCounter platform (NanoString Technologies) to evaluate miRNA expression with the nCounter Human miRNA Panel v3 (NanoString Technologies, GXA‐MIR3‐12). The panel included unique oligonucleotide tags for over 800 highly curated human miRNAs (from miRbase v21) and five housekeeping genes for normalization of expression between samples (ACTB, B2M, GAPDH, RPL19 and RPLP0). Each sample was analysed by using 100 ng of total RNA for processing and consecutive hybridization (21 hours at 65°C) to the probe pairs consisting of Reporter Probe, which carry the signal on its 5′ end, and Capture Probe, which holds biotin on its 3′ end. After hybridization, sample cleanup and counting were performed according to the manufacturer\'s instructions.

2.4. Data analysis {#jcmm15260-sec-0006}
------------------

Raw counts were analysed using NanoString nSolver version 4.0 software. We calculated geometric means of negative ligation controls plus two standard deviations for all samples. All count values below this threshold were excluded from normalization. After that, all the normalization steps were performed according to manufacturers\' instructions.

Only miRNAs that were expressed in 75% or more of samples in at least one group were further analysed. We then selected miRNAs that showed statistical significance with *P *\<* *.05. Differentially expressed miRNAs in each contrasted group were detected by one‐way ANOVA using Partek Genomic Suite v7, and false discovery rate (FDR) was calculated for multiple comparisons using the *q*‐value.[^26^](#jcmm15260-bib-0026){ref-type="ref"} MiRNAs were differentially expressed if they met the following selection criteria: FDR ≤ 0.1, and fold change (FC) of at least 1.5 in either direction. For some further analyses, we also considered miRNAs that did not pass FDR ≤ 0.1 but passed unadjusted *P *\<* *.05 (as indicated in Tables [S1](#jcmm15260-sup-0001){ref-type="supplementary-material"}‐S5 and explained in the Section 3). Data were plotted using GraphPad Prism 5 (GraphPad Software). Age, BMI and SF‐36 values of the participants were examined with Student\'s *t* test for continuous and chi‐squared test for categorical variables using IBM Statistical Package for the Social Science version 25 (SPSS Inc). The significance level for all analyses was set at *P *\<* *.05.

3. RESULTS {#jcmm15260-sec-0007}
==========

3.1. Participant characteristics {#jcmm15260-sec-0008}
--------------------------------

The study compared 37 female and 26 male ME/CFS subjects with 33 female and 22 male‐matched HCs. A total of 24 female and 11 male ME/CFS subjects, and 21 female and 13 male‐matched HCs underwent exercise challenge (Table [1](#jcmm15260-tbl-0001){ref-type="table"}a). Blood was drawn from these participants for PBMC isolation at T0 (baseline before the exercise), T1 (VO~2~ max, peak of exercise challenge) and T2 (four hours after T1, recovery). These individuals had unified breakfast (one banana and a yogurt) 30 minutes before the exercise challenges and the first blood draw. T0 was designated for participants at baseline that did not undergo exercise challenge and fasted overnight before blood draw. In the fasting group, there were 13 female and 15 male ME/CFS subjects with 12 females and 9 males as HCs (Table [1](#jcmm15260-tbl-0001){ref-type="table"}b). No significant difference was observed for age, gender and body mass index (BMI) between individuals with ME/CFS and HCs, regardless of fasting status. ME/CFS cohort had poor (self‐reported, *P* \< .05) outcomes in all reported domains of SF‐36 except mental health (*P* = .595), as compared to healthy controls, regardless of fasting status (Table [1](#jcmm15260-tbl-0001){ref-type="table"}).

###### 

Baseline clinical characteristics of the study sample (a) who had breakfast; (b) who fasted

  \(a\)                                                   
  ----------------------- --------------- --------------- ------------
  Age (y)                 46.60 ± 10.52   47.06 ± 11.39   .837
  Gender, Female, n (%)   24 (68.57)      21 (61.76)      .667
  BMI (kg/m^2^)           26.91 ± 5.63    26.58 ± 4.49    .606
  Physical health                                         
  Physical functioning    43.46 ± 36.74   88.63 ± 23.46   **.001**
  Role physical           26.07 ± 33.06   80.62 ± 33.04   **.005**
  Bodily pain             50.36 ± 28.87   82.14 ± 24.28   **.005**
  General health          33.06 ± 19.55   71.69 ± 23.46   **.002**
  Mental health                                           
  Vitality                33.28 ± 24.49   70.30 ± 21.17   **.007**
  Social functioning      39.61 ± 24.5    81.82 ± 24.62   **\<.001**
  Role emotional          53.33 ± 39.92   88.54 ± 24.83   **.023**
  Mental health           55.55 ± 30.38   71.32 ± 27.61   .595

  \(b\)                                                  
  ---------------------- --------------- --------------- ------------
  Age (y)                54.30 ± 7.97    48.72 ± 5.43    .510
  Gender, Female n (%)   13 (53.6)       12 (57.14)      .458
  BMI (kg/m^2^)          25.23 ± 3.45    24.85 ± 3.17    .433
  Physical health                                        
  Physical functioning   26.68 ± 22.52   96.33 ± 3.12    **.003**
  Role physical          8.96 ± 27.38    96.57 ± 7.39    **\<.001**
  Bodily pain            16.04 ± 17.92   90.14 ± 12.66   **.008**
  General health         19.68 ± 12.97   79.67 ± 9.18    **.008**
  Mental health                                          
  Vitality               15.14 ± 16.52   79.05 ± 9.45    **.003**
  Social role function   25.71 ± 25.42   97.41 ± 6.31    **.002**
  Emotional function     29.12 ± 27.66   93.55 ± 22.63   **\<.001**
  Mental health          39.96 ± 26.83   83.81 ± 8.57    .333

Data are shown as mean ± standard deviation (SD) for continuous values and as numbers of cases (percentages) for categorical values. ME/CFS cases vs healthy control subjects. Significant *P*‐values \< 0.05 are shown in bold.

Abbreviations: BMI, body mass index; HC, healthy controls; ME/CFS, myalgic encephalomyelitis/chronic fatigue/syndrome; SF‐36, 36‐item Short Form Health Survey.

John Wiley & Sons, Ltd

3.2. MicroRNA expression profile differences between ME/CFS individuals and HCs without stratification {#jcmm15260-sec-0009}
------------------------------------------------------------------------------------------------------

We analysed the difference in miRNA expression between all individuals with ME/CFS and HCs regardless of gender and fasting status (breakfast vs fasting). At T0, the expression of miR‐150‐5p, miR‐4443, miR‐423‐5p and miR‐342‐3p was higher, whereas, for miR‐199‐3p, miR‐126a‐3p, let‐7i‐5p and miR‐130a‐3p, the expression was lower in ME/CFS than HCs. However, out of a total of eight miRNAs that were differentially expressed with *P *\< .05, only miR‐150‐5p passed criteria of FDR \< 0.1 (Figure [1](#jcmm15260-fig-0001){ref-type="fig"}, Table [S1](#jcmm15260-sup-0001){ref-type="supplementary-material"}a).

![miRNA expression profile differences between diagnosed ME/CFS individuals and HCs without stratification by gender or fasting status. Data are shown as normalized counts for ME/CFS (red) and healthy controls (HC; Blue) at T0 for (A) miR‐150‐5p, (B) miR‐4443, (C) miR‐423‐5p, (D) miR‐199‐3p and (E) miR‐130a‐3p, regardless of fasting status. \* denotes *P *\< .05 and \# denotes FDR \< 0.1](JCMM-24-5865-g001){#jcmm15260-fig-0001}

Only miRNAs that showed *P* \< .05 in non‐stratified and at least once in gender‐stratified analysis were shown in figures.

3.3. MicroRNA expression stratified by gender {#jcmm15260-sec-0010}
---------------------------------------------

Only two miRNAs (miR‐150‐5p and miR‐342‐3p) were differentially expressed between ME/CFS females and healthy females (*P* \< .05), but none passed criteria FDR \< 0.1 (Figure [2](#jcmm15260-fig-0002){ref-type="fig"}, Table [S1](#jcmm15260-sup-0001){ref-type="supplementary-material"}b). On the other hand, a total of 11 miRNAs were differentially expressed between males with ME/CFS and HCs (*P* \< .05) regardless of fasting status and eight passed criteria of FDR \< 0.1 (Table [S1](#jcmm15260-sup-0001){ref-type="supplementary-material"}c). The expression of miR‐423‐5p, miR‐296‐5p and miR‐4443 was higher, whereas miR‐223‐3p, miR‐199‐3p, miR‐16‐5p, miR‐142‐3p and let‐7g‐5p expression was lower in ME/CFS males than HC males. Although miR‐150‐5p did not reach FDR \< 0.1, its expression was higher in ME/CFS males than healthy males (*P* \< .05, Figure [2](#jcmm15260-fig-0002){ref-type="fig"}).

![miRNA expression profile differences between diagnosed ME/CFS individuals and HCs at T0. Data are shown as normalized counts for males (♂) and females (♀) ME/CFS (red) and healthy controls (HC; Blue) at T0 for (A) miR‐150‐5p, (B) miR‐4443, (C) miR‐423‐5p, (D) miR‐199‐3p and (E) miR‐130a‐3p, regardless of fasting status. \* denotes *P* \< .05 and \# denotes FDR \< 0.1](JCMM-24-5865-g002){#jcmm15260-fig-0002}

3.4. Response to exercise without stratification by gender {#jcmm15260-sec-0011}
----------------------------------------------------------

For these comparisons, we only selected data from individuals who completed all three time‐points in exercise and did not undergo extended fasting before blood draw. For figures and discussion, we focused on miRNAs highlighted across analyses showing *P* \< .05 in non‐stratified analysis and at least once in sex‐stratified analysis (*P* \< .05).

### 3.4.1. Comparisons for miRNAs expression in response to exercise {#jcmm15260-sec-0012}

A subgroup of individuals who underwent exercise challenge was selected to compare differences in miRNA expression between ME/CFS and HCs in response to exercise (Figure [3](#jcmm15260-fig-0003){ref-type="fig"}), as detailed in 3.1. At T0, a total of 25 miRNAs were identified to be differentially expressed in ME/CFS compared to HCs with *P *\< .05 (Table [S2](#jcmm15260-sup-0001){ref-type="supplementary-material"}a), and six of them passed criteria of FDR \< 0.1 significance. The expression of miR‐423‐5p was higher in individuals with ME/CFS compared with HCs, whereas miR‐22‐3p, miR‐199‐3p, miR‐126a‐3p, miR‐340‐5p, miR‐22‐3p and miR‐130a‐3p were underexpressed in ME/CFS compared with HCs (Figure [3](#jcmm15260-fig-0003){ref-type="fig"}). Among differentially expressed miRNAs with only *P \< *.05, the expression of miR‐4443 and miR‐150‐5p was significantly elevated, whereas miR‐374‐5p, miR‐148a‐3p, miR‐146a‐5p and miR‐223‐3p expression was lower in ME/CFS than HC (Figure [3](#jcmm15260-fig-0003){ref-type="fig"}, Table [S2](#jcmm15260-sup-0001){ref-type="supplementary-material"}a).

![miRNA expression profile differences between diagnosed ME/CFS individuals and HCs in response to exercise challenge. Data are shown as normalized counts for ME/CFS (red) and healthy controls (HC; Blue) at T0, T1 and T2 (non‐fasting) for (A) miR‐150‐5p, (B) miR‐4443, (C) miR‐423‐5p, (D) miR‐199‐3p, (E) miR‐125a‐5p, (F) miR‐223‐3p (G) miR‐130a‐3p, (H) miR‐181a‐5p and (I) miR‐126a‐3p. \* denotes *P *\< .05 and \# denotes FDR \< 0.1](JCMM-24-5865-g003){#jcmm15260-fig-0003}

At T1 (VO~2~ max), 24 miRNAs were differentially expressed (*P \< *.05) with seven passing FDR \< 0.1 criteria between ME/CFS and HCs. Out of the miRNAs with FDR \< 0.1, the expression of miR‐197‐3p, miR‐4443, miR‐423 (3p and 5p), miR‐1260a, miR‐125a‐5p, miR‐92a‐3p and miR‐331‐3p was higher in those with ME/CFS than HCs. The expression of miR‐4443 and miR‐22‐3p was reduced in individuals with ME/CFS than HC (Table [S2](#jcmm15260-sup-0001){ref-type="supplementary-material"}b). Expression of miR‐150‐5p was higher, and miR‐199‐3p, miR‐146a‐5p and miR‐148‐3p were lower in ME/CFS than HCs but did not pass FDR \< 0.1 criteria (*P* \< .05).

A total of 33 miRNAs were differentially expressed (*P \< .05*) in ME/CFS comparing to HC at T2 (recovery, four hours after T1) and twelve miRNAs passed criteria of FDR \< 0.1 significance. Out of these twelve, miR‐197‐3p, miR‐4443, miR‐423 (3p and 5p), miR‐1260a, miR‐125a‐5p, miR‐92a‐3p and miR‐331‐3p showed higher expression in PBMCs of individuals with ME/CFS (Figure [3](#jcmm15260-fig-0003){ref-type="fig"}, Table [S2](#jcmm15260-sup-0001){ref-type="supplementary-material"}c). Though FDR \< 0.1 was not reached, miR‐150‐5p expression stayed higher in ME/CFS (*P *\< .05). On the other hand, miR‐22‐3p, miR‐151a‐3p, miR‐199‐3p and miR‐126a‐3p showed decreased expression in ME/CFS comparing to HC at T2 (Table [S2](#jcmm15260-sup-0001){ref-type="supplementary-material"}c). The expression of miR‐374b‐5p, miR‐148a‐3p and miR‐223‐3p also stayed lower at T2 in ME/CFS (*P *\< .05), but FDR criteria was not reached.

Interesting to note is that regardless of time‐points being evaluated, individuals with ME/CFS showed higher expression of miR‐150‐5p and miR‐423, and reduced miR‐199‐3p levels, although not all miRNAs could reach FDR \< 0.1 (Figure [3](#jcmm15260-fig-0003){ref-type="fig"}, Tables [S2](#jcmm15260-sup-0001){ref-type="supplementary-material"}a‐c). The expression of some miRNAs was detected or fluctuated in response to exercise, namely (a) miR‐4443 expression fluctuated in response to exercise; higher at T0, reduced at T1 and back to elevated at T2, (b) miR‐125a‐5p which was overexpressed at T1, underexpressed at T2, but did not show significant differences at T0 and 3) miR‐374‐5p and miR‐148a‐5p were underexpressed both at T1 and T2 but were not significantly different at T0. It shows that expression of these miRNAs is affected by exercise in ME/CFS (Figure [3](#jcmm15260-fig-0003){ref-type="fig"}, Tables [S2](#jcmm15260-sup-0001){ref-type="supplementary-material"}a‐c).

### 3.4.2. Comparisons of miRNA expression between time‐points in exercise {#jcmm15260-sec-0013}

The differential expression of miRNA in response to an exercise challenge was evaluated between ME/CFS and HCs for inter--time‐point comparisons (Figure [3](#jcmm15260-fig-0003){ref-type="fig"}). Ten miRNAs reached statistical significance of *P* \< .05 for differential expression between T1 and T0 (T1/T0) in HCs (Table [S3](#jcmm15260-sup-0001){ref-type="supplementary-material"}a), as compared to one in ME/CFS (Table [S3](#jcmm15260-sup-0001){ref-type="supplementary-material"}b). No miRNA passed criteria of FDR \< 0.1; however, miR‐181a‐5p showed increased expression at T1 regardless of disease status (Figure [3](#jcmm15260-fig-0003){ref-type="fig"}, Table [S3](#jcmm15260-sup-0001){ref-type="supplementary-material"}a,b). Six miRNAs were differentially expressed between T2 and T1 (T2/T1) in HCs (*P \< *.05); however, only miR‐363‐3p passed criteria of FDR \< 0.1 with its expression being lower at T2 than at T1 (Table [S3](#jcmm15260-sup-0001){ref-type="supplementary-material"}c). No miRNA passed criteria of FDR \< 0.1 for T2/T1 comparison for ME/CFS, although miR‐4516 was significantly underexpressed at T2 (Table [S3](#jcmm15260-sup-0001){ref-type="supplementary-material"}d). Interestingly, miR‐181a‐5p did not pass criteria of FDR \< 0.1, the higher expression of miR‐181a‐5p seen in HCs and ME/CFS between T1 and T0 (*P* \< .05), but lowered expression between T2 and T1, for HCs only (*P* \< .05, Figure [3](#jcmm15260-fig-0003){ref-type="fig"}).

3.5. Response to exercise stratified by gender {#jcmm15260-sec-0014}
----------------------------------------------

### 3.5.1. miRNA expression in response to exercise stratified by gender {#jcmm15260-sec-0015}

Females: None of the miRNAs passed criteria of FDR \< 0.1 for analyses between ME/CFS females and HC females both at T1 and T2 (Figure [4](#jcmm15260-fig-0004){ref-type="fig"}). However, at T1, miR‐125a‐5p was overexpressed, whereas miR‐181a‐5p and miR‐146a‐5p were among those with reduced expression in ME/CFS females with *P \< *.05 (Figure [4](#jcmm15260-fig-0004){ref-type="fig"}, Table [S4](#jcmm15260-sup-0001){ref-type="supplementary-material"}a). At T2, miR‐146‐5p and miR‐150‐5p were among those with higher expression (*P \< *.05), whereas miR‐199 (3p and 5p) and miR‐126a‐3p were among the miRNAs with reduced expression in ME/CFS females compared with HC females (*P *\<* *.05; Table [S4](#jcmm15260-sup-0001){ref-type="supplementary-material"}a,b).

![miRNA expression profile differences between diagnosed ME/CFS females and healthy females in response to exercise challenge Data are shown as normalized counts for ME/CFS (red ♀) and healthy females (HC; Blue ♀) at T0, T1 and T2 (non‐fasting) for (A) miR‐150‐5p, (B) miR‐4443, (C) miR‐423‐5p, (D) miR‐199‐3p, (E) miR‐125a‐5p, (F) miR‐223‐3p, (G) miR‐130a‐3p, (H) miR‐181a‐5p and (I) miR‐126a‐3p. \* denotes *P* \< .05 and \# denotes FDR \< 0.1](JCMM-24-5865-g004){#jcmm15260-fig-0004}

Males: At T1, 36 miRNAs were differentially expressed between ME/CFS males and HC males and all passed criteria of FDR \< 0.1. Selectively, the expression of miR‐423 (5p and 3p), miR‐4443, miR‐125a‐5p and miR‐150‐5p was higher in ME/CFS males, whereas miR‐374‐5p (a and b), miR‐22‐3p, miR‐223‐3p and miR‐146‐5p (a and b) were among those having reduced expression in ME/CFS males (Figure [5](#jcmm15260-fig-0005){ref-type="fig"}, Table [S4](#jcmm15260-sup-0001){ref-type="supplementary-material"}c,). At T2, all 36 miRNAs that were differentially expressed between ME/CFS males and HC males passed criteria of FDR \< 0.1. Out of the 36, miR‐423 (5p and 3p), miR‐125a‐5p, miR‐4443, miR‐150‐5p and miR‐181a‐5p were overexpressed, whereas miR‐22‐3p, miR‐374‐5p (a and b), miR‐199‐3p and miR‐223‐3p were reduced in ME/CFS males than HC males (Figure [5](#jcmm15260-fig-0005){ref-type="fig"}; Table [S4](#jcmm15260-sup-0001){ref-type="supplementary-material"}d).

![miRNA expression profile differences between diagnosed ME/CFS males and healthy males in response to exercise challenge Data are shown as normalized counts for ME/CFS (red ♂) and healthy males (HC; Blue ♂) at T0, T1 and T2 (non‐fasting) for (A) miR‐150‐5p, (B) miR‐4443, (C) miR‐423‐5p, (D) miR‐199‐3p, (E) miR‐125a‐5p, (F) miR‐223‐3p (G) miR‐130a‐3p, (H) miR‐181a‐5p and (I) miR‐126a‐3p. \* denotes *P* \< .05 and \# denotes FDR \< 0.1](JCMM-24-5865-g005){#jcmm15260-fig-0005}

### 3.5.2. Comparisons of miRNA expression between time‐points in exercise stratified by gender {#jcmm15260-sec-0016}

The patterns of miRNA expression were further analysed in ME/CFS and HCs for differences between time‐points in both females and males. Eight miRNAs showed differential expression in healthy females for T1/T0, and only overexpressed miR‐363‐3p passed criteria of FDR \< 0.1 (Table [S5](#jcmm15260-sup-0001){ref-type="supplementary-material"}a). Both increased expression of miR‐181a‐5p and the reduced expression of miR‐125a‐5p could not reach FDR criteria (*P *\< .05, Table [S5](#jcmm15260-sup-0001){ref-type="supplementary-material"}a). For T2/T1 comparison in HC females, nine miRNAs were differentially expressed where miR‐125a‐5p was overexpressed and miR‐181a‐5p, miR‐363‐3p and miR‐4443 were reduced in expression. However, only miR‐181a‐5p, miR‐363‐3p passed criteria of FDR (\<0.1) significance (*P* \< .05, Table [S5](#jcmm15260-sup-0001){ref-type="supplementary-material"}b).

In ME/CFS females, none passed criteria of FDR \< 0.1 for T1/T0 comparison; however, miR‐181a‐5p showed increased expression (*P* \< .05, Table [S5](#jcmm15260-sup-0001){ref-type="supplementary-material"}c). For T2/T1 comparison, miR‐4516 expression was reduced (FDR \< 0.1). Although the miR‐181a‐5p and miR‐363‐5p did not reach FDR \< 0.1, they both showed decreased expression at T2 than T1 in ME/CFS females (*P* \< .05), whereas both a‐ and b‐variants of miR‐146‐5p showed increased expression in ME/CFS females between T2 and T1 (*P* \< .05, Table [S4](#jcmm15260-sup-0001){ref-type="supplementary-material"}d).

For T1/T0 comparison for healthy males, none of the miRNAs passed criteria of FDR significance of 0.1. However, miR‐186‐5p expression increased between T1 and T0 but did not reach FDR \< 0.1 (*P *\< .05, Table [S5](#jcmm15260-sup-0001){ref-type="supplementary-material"}e). No miRNA reached FDR criteria for T2/T1 comparison; expression of miR‐222‐3p expression was higher and miR‐16‐5p was lower in HC males (*P *\< .05, Table [S5](#jcmm15260-sup-0001){ref-type="supplementary-material"}f). ME/CFS males showed increased expression for miR‐125a‐5p and miR‐15b‐5p between T1 and T0, although it did not reach FDR \< 0.1 (Table [S5](#jcmm15260-sup-0001){ref-type="supplementary-material"}g). For T2/T1 comparison for ME/CFS males, 12 miRNAs were differentially expressed (*P* \< .05) but only miR‐548q passed criteria of FDR \< 0.1 significance with reduced expression (Table [S5](#jcmm15260-sup-0001){ref-type="supplementary-material"}h). Although no other miRNA passed criteria of FDR \< 0.1, increased expression of miR‐150‐5p and miR‐223‐3p was observed (Table [S5](#jcmm15260-sup-0001){ref-type="supplementary-material"}h).

3.6. Fasting induced miRNA changes {#jcmm15260-sec-0017}
----------------------------------

The effects of fasting were assessed by evaluating differential expression of miRNAs separately in participants who ate unified breakfast after overnight fasting and those who did not eat breakfast after overnight fasting (at baseline only). When looking at comparison of miRNA expression between fasting ME/CFS and HCs, only six miRNAs showed differential expression with *P *\<* *.05, out of which only three passed FDR criteria. The expression of miR‐150‐5p and miR‐342‐3p was higher, whereas miR‐548q expression was lower in ME/CFS than HCs (Table [S6](#jcmm15260-sup-0001){ref-type="supplementary-material"}a). As discussed earlier, in participants who had unified breakfast, regardless of gender, the ME/CFS cohort had higher expression of miR‐423‐5p, miR‐4443 and miR‐150‐5p, whereas miR‐22‐3p, miR‐199‐3p,miR‐374b‐5p, miR‐126a‐3p and miR‐130a‐3p expression was reduced (Table [S2](#jcmm15260-sup-0001){ref-type="supplementary-material"}a, Figure [3](#jcmm15260-fig-0003){ref-type="fig"}). Both miR‐342‐3p and miR‐548q were not among the 26 differentially expressed miRNAs between ME/CFS and HCs who had breakfast (non‐fasting) before blood draw. By contrast, miR‐150‐5p expression appears to be consistently higher in ME/CFS regardless of fasting status. No other differentially expressed miRNA overlapped. Moreover, the increased expression of miR‐150‐5p seen in ME/CFS regardless of fasting status, presented higher levels in fasting as compared to non‐fasting suggesting possible modulation in ME/CFS by dietary factors.

### 3.6.1. miRNA expression in fasting and non‐fasting ME/CFS compared with HCs stratified by gender {#jcmm15260-sec-0018}

Fasting ME/CFS females had higher miR‐150‐5p, miR‐342‐3p, miR‐222‐3p and miR‐223‐3p (*P* \< .05) (Table [S6](#jcmm15260-sup-0001){ref-type="supplementary-material"}b). However, only miR‐548q passed criteria of FDR \< 0.1 with reduced expression. The expression of miR‐191‐5p, miR‐150‐5p, miR‐223‐3p and miR‐342‐3p also showed higher expression along with miR‐181a‐5p and miR‐423‐5p (*P *\< .05) in fasting ME/CFS males although only few passed FDR criteria \< 0.1 (Table [S6](#jcmm15260-sup-0001){ref-type="supplementary-material"}c). MiR‐548q was consistently lower in fasting ME/CFS males which also passed the FDR criteria (Table [S6](#jcmm15260-sup-0001){ref-type="supplementary-material"}c).

The non‐fasting ME/CFS females showed six miRNAs as differentially expressed from healthy females (*P *\< .05), with none reaching FDR \< 0.1. The expression of miR‐150‐5p was higher, whereas expression of miR‐126a‐3p, miR‐130a‐3p and miR‐374b‐5p was lower in ME/CFS than healthy females (Figure [4](#jcmm15260-fig-0004){ref-type="fig"}, Table [S6](#jcmm15260-sup-0001){ref-type="supplementary-material"}d). In non‐fasting ME/CFS males, 48 miRNAs were differentially expressed from healthy males and all were underexpressed (*P *\< .05). All of them passed criteria of FDR \< 0.1, namely miR‐374‐5p (a and b), miR‐223‐3p, miR‐199a‐3p, miR‐146‐5p (a and b), miR‐148a‐3p, miR‐222‐3p and miR‐191‐5p (Figure [5](#jcmm15260-fig-0005){ref-type="fig"}, Table [S6](#jcmm15260-sup-0001){ref-type="supplementary-material"}e).

Three miRNAs were highlighted here that showed opposite pattern of expression in ME/CFS between fasting and non‐fasting: (a) the fasting ME/CFS females and males showed overexpressed miR‐223‐3p opposite to consistently underexpressed pattern in non‐fasting ME/CFS, even in response to exercise, (b) miR‐191‐5p was overexpressed in both fasting females and males but it was underexpressed in non‐fasting ME/CFS males, (c) the consistent higher expression of miR‐343‐3p in fasting ME/CFS which was not identified in other group and (d) underexpressed miR‐548q in both fasting ME/CFS females and males.

4. DISCUSSION {#jcmm15260-sec-0019}
=============

This is the first ME/CFS exercise challenge study which evaluated gender differences in ME/CFS utilizing miRNA expression profiles. The results of this study have highlighted: (a) miRNAs that are differentially expressed in ME/CFS, (b) altered miRNAs induced by exercise challenge in ME/CFS, (c) gender influenced miRNAs and their differential expression in response to exercise in disease state and finally (d) fasting induced miRNA difference, emphasizing the possible role they may play in the ME/CFS‐associated disease biology.

In this study, miR‐150‐5p, miR‐130a‐3p, miR‐199‐3p, miR‐223‐3p, miR‐126a‐3p, miR‐4443, miR‐374‐5p, miR‐146a‐5p and miR‐423 have emerged as prominent miRNAs whose expression was altered in ME/CFS. These miRNAs with genes involved in cellular processes and immunity as their molecular targets have been detected in other ME/CFS studies.[^10^](#jcmm15260-bib-0010){ref-type="ref"}, [^11^](#jcmm15260-bib-0011){ref-type="ref"}, [^12^](#jcmm15260-bib-0012){ref-type="ref"}, [^13^](#jcmm15260-bib-0013){ref-type="ref"}, [^14^](#jcmm15260-bib-0014){ref-type="ref"}, [^15^](#jcmm15260-bib-0015){ref-type="ref"}, [^16^](#jcmm15260-bib-0016){ref-type="ref"}, [^17^](#jcmm15260-bib-0017){ref-type="ref"}, [^18^](#jcmm15260-bib-0018){ref-type="ref"}, [^19^](#jcmm15260-bib-0019){ref-type="ref"}, [^20^](#jcmm15260-bib-0020){ref-type="ref"}, [^27^](#jcmm15260-bib-0027){ref-type="ref"} Brenu et al had detected miR‐146a‐5p, miR‐223‐3p and miR‐126a‐3p in NK and CD8 + cells, and in plasma of individuals with ME/CFS, respectively.[^15^](#jcmm15260-bib-0015){ref-type="ref"}, [^16^](#jcmm15260-bib-0016){ref-type="ref"} Bjersing et al detected reduced expression of both miR‐223‐3p and miR‐374‐5p in cerebrospinal fluid and serum of ME/CFS subjects.[^17^](#jcmm15260-bib-0017){ref-type="ref"}, [^27^](#jcmm15260-bib-0027){ref-type="ref"}

The up‐regulation of miR‐150‐5p is seen in both T‐cell and B‐cell maturation and differentiation via Notch pathway and c‐Myb, respectively, and it influences the release of pro‐inflammatory cytokines suggesting its critical involvement in the modulation of immunity and inflammatory response.[^28^](#jcmm15260-bib-0028){ref-type="ref"}, [^29^](#jcmm15260-bib-0029){ref-type="ref"}, [^30^](#jcmm15260-bib-0030){ref-type="ref"}

MiR‐199‐3p, regulated by free fatty acids and adipokines, is a negative regulator of NF‐κB and IL‐8.[^31^](#jcmm15260-bib-0031){ref-type="ref"} Additionally, low miR‐199‐3p expression, seen in ME/CFS subjects, is linked with poor survival outcome in carcinomas possibly affecting the disease‐related physiological burden.[^32^](#jcmm15260-bib-0032){ref-type="ref"}, [^33^](#jcmm15260-bib-0033){ref-type="ref"}

Another dysregulated miR‐223 identified in this study is reported in other inflammatory conditions, infections and carcinomas.[^34^](#jcmm15260-bib-0034){ref-type="ref"} It modulates the TLR4/TLR2/NF‐κB/STAT3 signalling pathway consequently affecting inflammatory cytokine expression[^35^](#jcmm15260-bib-0035){ref-type="ref"} and controls inflammatory bowel disease (IBD)‐associated intestinal inflammation by inhibiting NLRP3 inflammasome.[^36^](#jcmm15260-bib-0036){ref-type="ref"}

It was shown that the cytokines released in response to inflammatory assault, particularly TNF‐α, is directly suppressed by miR‐130a‐3p, reducing inflammation and associated oxidative stress.[^37^](#jcmm15260-bib-0037){ref-type="ref"} The higher inflammatory cytokine expression seen in ME/CFS could therefore be induced by diminished miR‐130a‐3p expression in ME/CFS subjects, as identified in the above‐mentioned study.[^37^](#jcmm15260-bib-0037){ref-type="ref"}

Another miRNA presenting consistent reduced expression both at baseline and at recovery post‐exercise is miR‐126a‐3p, which is linked with inflammation. However, Petty et al[^19^](#jcmm15260-bib-0019){ref-type="ref"} reported that individuals with ME/CFS had up‐regulated miR‐126. The cause of this conflicting finding could be attributed to the subgroup differences within the ME/CFS subject population, possible gender influences due to higher proportion of females in Petty' study or lifestyle habits. On the other hand, we observed elevated expression of miR‐423 in ME/CFS which is associated with inflammation and is also reported to be overexpressed by Petty et al.[^19^](#jcmm15260-bib-0019){ref-type="ref"} In a study by Gharbi et al,[^38^](#jcmm15260-bib-0038){ref-type="ref"} miR‐423‐3p was found to be elevated in veterans exposed to sulphur mustard (SM), a vesicant agent responsible for SM‐induced necrosis and inflammation.

Of the highlighted miRNAs in this study, miR‐146a is among the first‐studied miRNA for its role as key regulator of the immune and inflammatory response. Diminished miR‐146a expression leads to overexpression of STAT1 and reduced IFN‐γ secretion, resulting in loss of repressive effect of regulatory T lymphocytes (Treg).[^39^](#jcmm15260-bib-0039){ref-type="ref"}

miR‐374a‐5p regulates the expression of ubiquitin ligase, mTOR signalling pathway and monocyte chemoattractant protein (MCP)‐1, critical in inflammatory and immune response.[^40^](#jcmm15260-bib-0040){ref-type="ref"}, [^41^](#jcmm15260-bib-0041){ref-type="ref"}

The overexpressed miR‐4443 increases pro‐inflammatory cytokines by activated NF‐κΒ pathway via targeting TRAF4.[^41^](#jcmm15260-bib-0041){ref-type="ref"} In fact, a consistent feature of ME/CFS is significantly reduced natural killer (NK) cell function, unique pro‐ and anti‐inflammatory cytokines, hypersensitivity responses and viral infections prior to ME/CFS‐associated symptom onset.

In relation to exercise response, we successfully identified key miRNAs which could be critical to the post‐exertional recovery‐associated pathways in ME/CFS. Consistently in ME/CFS, miR‐150‐5p and miR‐423 (3p and 5p) were overexpressed while miR‐199a‐3p, miR‐130a‐3p, miR‐146a‐3p and miR‐223‐3p were underexpressed regardless of stage in the exercise challenge. Additionally, the expression of miR‐4443 was transiently reduced in ME/CFS after exercise.

Most of the miRNAs which were found to be reduced in ME/CFS, regardless of gender and time‐point otherwise confer protective effect against inflammation.[^42^](#jcmm15260-bib-0042){ref-type="ref"}, [^43^](#jcmm15260-bib-0043){ref-type="ref"}, [^44^](#jcmm15260-bib-0044){ref-type="ref"} Inter‐time‐point comparisons highlighted miR‐181a‐5p, miR‐125a‐5p and miR‐363‐3p to be influenced by gender. These miRNAs are associated with TNF‐α levels, regulation of differential activation of macrophages and inflammation and mast cells function, respectively, whose expression is affected by exercise.[^44^](#jcmm15260-bib-0044){ref-type="ref"}, [^45^](#jcmm15260-bib-0045){ref-type="ref"}, [^46^](#jcmm15260-bib-0046){ref-type="ref"}, [^47^](#jcmm15260-bib-0047){ref-type="ref"} In this sense, the observed miRNA expression pattern in ME/CFS could be interpreted as an "echo" of the imbalance in immune molecules reported in former ME/CFS biomarker studies.[^1^](#jcmm15260-bib-0001){ref-type="ref"}, [^2^](#jcmm15260-bib-0002){ref-type="ref"}, [^3^](#jcmm15260-bib-0003){ref-type="ref"}, [^4^](#jcmm15260-bib-0004){ref-type="ref"}

The reduction of miR‐22‐3p has been reported in ME/CFS at recovery post‐exercise by Baraniuk et al, who evaluated the exercise induced changes in cerebrospinal fluid miRNAs in Gulf War Illness and ME/CFS.[^20^](#jcmm15260-bib-0020){ref-type="ref"} We saw this reduction only in males, and interestingly, the group that displaced this reduction in response to exercise in Baraniuk study was mostly males.[^20^](#jcmm15260-bib-0020){ref-type="ref"} MiR‐22 directly targets NLRP3 (Nod‐like receptor protein 3), a key protein in the NLRP3 inflammasome.[^48^](#jcmm15260-bib-0048){ref-type="ref"}

The HCs recovered from exercise induced down‐regulation of both miR‐130‐3p and miR‐223 miRNAs in response to exercise challenge, but it was also only reflected in males.

Few studies have evaluated the relationship of fasting with differential expression of miRNAs, but the risk diet imposes on chronic disease development is well known. In fasting ME/CFS, we identified key miRNAs that may play a critical regulatory role in ME/CFS metabolic state. The inconsistencies in miRNA expression profiles between studies could have been, at least partly, a result of fasting‐induced processes influencing miRNA expression. It is, therefore, extremely important to align assessment and reporting with Common Data Elements (CDE) in human subject research that improves data quality and allows for comparisons across multiple studies. NIH has recently adopted CDE principles in detailed reporting of ME/CFS subjects' conditions and encourages the use of these carefully selected CDEs in ME/CFS research which should be utilized for proper registry towards generalizability of findings.[^49^](#jcmm15260-bib-0049){ref-type="ref"}

To the best of our knowledge, we are the first to characterize the gender effects on miRNA profiles in ME/CFS compared with matched healthy controls, particularly in response to exercise. The findings of this study should be useful not only for the understanding of gender‐dependent disease‐specific ME/CFS pathology, but also in the identification of therapeutic regimes suited to ME/CFS gender‐specific biology demands.
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